Abstract-Circular corrugated waveguides are often used in fusion applications at single, multiple, or broadband millimeter frequencies due to their low ohmic loss, expected large frequency bandwidth, and direct coupling to free-space Gaussian modes. 
I. INTRODUCTION
L OW-LOSS circular corrugated waveguides have been widely used in fusion applications to transmit millimeter-wave signals from ∼10 GHz to 1 THz. Examples include reflectometry diagnostics [1] - [4] , electron cyclotron emission (ECE) diagnosticsa [5] , [6] , and high-power fusion applications such as electron cyclotron heating (ECH) systems [7] - [10] , and collective Thomson scattering diagnostics [11] , [12] ranging from ∼10 GHz to 1 THz.
For single-frequency applications, such as most ECH systems and collective Thomson scattering diagnostics, corrugated waveguide components can be optimized to the chosen frequency. For example, the corrugation depth0 in long, straight waveguides is often chosen to be a quarter wavelength (λ/4). This ensures that the HE 11 mode has low ohmic attenuation loss, large frequency bandwidth, linear polarization, and good coupling to free-space Gaussian modes, gaps, miter bends, and mirrors in long, straight waveguides.
For broadband frequency systems, such as reflectometry and ECE diagnostics, wavelength-dependent tricks for the corrugation depth are not possible. Due to the recent applications of dual-frequency gyrotrons [13] , [14] , future ECH corrugated waveguides may also require multiple frequencies and therefore cannot have wavelength-dependent optimization for corrugation depths. The ITER ECH transmission line, for example, is expected to be operational at 170 GHz throughout ITER's lifetime but is also expected to be operational at 104 GHz for early plasma operational phases [15] , [16] . Miter bend and gaps are often a large loss component in typical transmission lines, and it is important to accurately calculate these losses in multifrequency and broadband frequency systems. Reducing the miter bend and gap losses will also be very desirable to improve transmission line efficiency and reduce heat loads to transmission line components.
Previous papers have explored different simulation techniques to calculate miter bend and gap diffraction losses [17] - [19] . This paper will demonstrate and apply new simulations of millimeter-wave corrugated waveguide transmission line components at ∼30-170 GHz for highpower and low-power fusion applications with a focus on broadband and multiple frequencies. Miter bend and gap diffraction losses for arbitrary corrugations, wall geometry, and broadband frequencies. These calculations show much higher loss than theoretically expected for many broadband corrugated waveguide systems.
Section II presents a fast Fourier transform (FFT) model and a finite-element method (FEM) model for HE 11 loss in corrugated waveguide miter bends and gaps at the arbitrary corrugation depth. FEM simulations are necessary for complicated wall geometries, such as realistic dc break components, where the FFT model cannot apply. The FFT model is much less computationally intensive and can be used for large parametric scans. With existing computational resources, the FEM simulations have only been applied for small gap components and not for miter bends.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Section III applies the FFT and FEM models to ITER-relevant gap problems and the FFT model to ITER-relevant miter bends. When the HE 11 mode is transmitted, it will be shown that the simulations agree closely to theory when a λ and d = λ/4. When d = λ/4, the simulations give miter bend and diffraction losses substantially higher than theory. In Section IV, the FFT simulation is applied to calculate miter bend losses in previous corrugated waveguide designs, such as the DIII-D ECE system, JET reflectometry applications, and ITER low-field-side reflectometer (LFSR) test stands. It will be shown that the FFT calculations correlate well with experimental losses for JET reflectometry and DIII-D ECE systems and can even quantitatively explain the experimental losses in the ITER LFSR test stand.
After characterizing the larger than expected loss of miter bend and gaps in broadband and multifrequency systems, Section V briefly discusses the possible ways to improve the performance of corrugated waveguide transmission lines. For high-powered steady-state ECH components, it is important to reduce the miter bend and gap losses to minimize heating to components. One such example, a Bragg reflector for an ITER ECH dc break component is analyzed in detail by FEM simulations. A dc break is necessary to provide electrical isolation between the vacuum vessel and the first grounding point of the transmission line to avoid induced currents during disruptions. It usually consists of a gap with an adjoining waveguide segment and a ceramic insulator [20] . Because ceramics have low thermal conductivity, water cooling is not very effective. The ceramic ring, therefore, needs to withstand the thermal load for high-power, steady-state operation. Through the addition of a finite waveguide segment and optimized rectangular grooves such as a Bragg reflector for a dc break, the thermal load to an insulating ceramic ring can be reduced dramatically. Challenges and optimization of the design of the rectangular grooves for multiple frequencies are discussed. Section VI provides the conclusion.
II. FFT AND FEM SIMULATION CORRUGATED MITER BENDS AND GAPS

A. Gaps and Miter Bends Theory
An example of a corrugated waveguide gap is shown in Fig. 1 where a is the radius of the circular corrugated waveguide, L is the length of the gap, d is the corrugation depth, p is the corrugation period, and w is the corrugation width. A corrugated waveguide miter bend is shown in Fig. 2 .
A commonly used analysis to calculate the gap and miter bend loss is by analytically calculating the diffraction losses for the propagation of the HE 11 mode across a circular corrugated waveguide gap [21] . The scattering coefficient S nm for propagation from HE 1m to HE 1n across a gap is
where λ is the wavelength, k is the free-space propagation constant, x n is the root of the HE 1n mode, and 
where φ = x 2 1 L/2ka 2 . x n is calculated using a root solver [22] . At d = λ/4, x 1 is the Bessel function zero at approximately 2.4048. For arbitrary d, x 1 can differ from this value. For calculating the diffraction loss to a miter bend, L = 2a and the loss to the miter bend is assumed to be half the loss to the gap because of the miter bend walls. The transmission loss to the miter bend is, therefore,
Previous calculations of miter bend and gap diffraction losses for the ITER LFSR [4] used (2) and (3) for calculating transmission line loss assuming φ = 0. [sin(φ) + cos(φ)] is often not included but can be significant, especially at low frequencies.
Although (1)- (3) are simple and useful in many singlefrequency applications, the derivation of (1) makes four assumptions: a λ; ka x n ; φ 1; and d = λ/4 where d is the corrugation depth. When ka x n , φ = 0 and [sin(φ) + cos(φ)] = 1. However, [sin(φ) + cos(φ)] can differ from 1 for low frequencies and large gap distances. d = λ/4 also does not hold for broadband frequency corrugated waveguides.
B. FFT Simulation for Gaps and Miter Bends
The FFT simulations used to calculate gap and miter bend losses in this paper are such as that discussed in [18] . Full details are in [18] and only a summary of the simulation procedure is given here.
The miter bend [ Fig. 2(a) ] can be viewed as a waveguide cross [ Fig. 2(b) ] using the method of images for a perfect conducting mirror. Assuming that the losses in the transverse waveguides are small and can be ignored, the miter bend model can be reduced to two semi-infinite waveguides with a gap region [ Fig. 2(c) ]. The gap region has a distance of 2a and waveguide walls. An FFT calculation of the miter bend inside a square cavity is advanced a distance of 2a in N sequential steps. For each step of distance 2a/N, the electric fields are Fourier transformed, truncated, inversely Fourier transformed, and phase advanced. At each step, the truncation sets the nonzero electric field in the gap regions outside the metallic wall to zero and is assumed to be the diffraction losses from the miter bend mirror. The electric field at a distance of 2a is then decomposed into the chosen eigenmodes.
The number of steps, grid size of the circular waveguide cross section, and dimensions of the square cavities are inputs into the miter bend code that can be varied within the simulation. In this paper, the number of steps is 800, grid size is 256 × 256, and cavity dimension is 5a. Increasing number of steps, grid size, and cavity dimension does not alter the result significantly.
The gap calculation is such as the miter bend calculation but simpler. There are no waveguide walls within the gap region, and the number of steps is 1. The gap distance is no longer set to 2a, as in the miter bend, but can be any arbitrary distance.
There is only one modification to the FFT simulation described here compared to that in [18] . In [18] , only single-frequency ECH applications are considered, so linearly polarized modes (LP mn ) [23] , which are only valid when d = λ/4, are used. The FFT simulations, in this paper, can calculate the input power from an arbitrary electric field. The input electric field include hybrid modes from an impedance approximation [22] are used for input modes with arbitrary waveguide radius and corrugation depth. For broadband applications, d cannot equal λ/4at all frequencies. In the impedance approximation, the corrugated wall reactance is approximated to be w/ p * tan(kd) where w is the corrugation width, p is the corrugation period, and d is the corrugation depth. With this assumption, the electric fields are written as a sum of TE and TM-like Bessel functions with the Bessel root and other constants calculated numerically with an iterative solver. When a λ and d = λ/4, the HE 11 hybrid mode reduces to the LP 01 mode. Full details of the impedance approximation method and the electric and magnetic fields of hybrid modes are in [22] . 
C. FEM Simulations for Gaps
FEM simulations have previously been used to calculate losses due to curvature [24] and gaps [25] in circular smooth waveguides. FEM simulations have also been used to calculate ohmic losses [26] in circular corrugated waveguides. FEM simulations for circular corrugated waveguide gap losses are shown here using the 3-D RF module of the commercial COMSOL Multiphysics package. Although the geometry of the gap is axisymmetric, 3-D calculations are done here and are necessary because the electric fields of the HE 11 mode are not axisymmetric.
The setup of the FEM simulations is the same as in [24] . The simulations use COMSOL's port boundary conditions, impedance boundary conditions, and perfectly matched layers (PMLs). An image of a possible waveguide gap geometry is shown in Fig. 3 PMLs are used as an absorbing layer and to prevent numerical reflections at both ends of the waveguide and at the gap. Perfect electric conducting boundary conditions are used for all boundaries of the PML. In this setup, the PML at the gap represents an infinite radial extent to the gap. Port boundary conditions are used at the interior boundary with HE 11 launched at an input interior boundary condition and multiple HE 1n modes received at the output interior boundary condition. Listener ports are used to obtain transmission and mode conversion outputs at the output port and the gap. In Fig. 3(d) , a more realistic geometry representative of an ITER ECH dc break is shown. This geometry is a cartoon representation of the images, as shown in Fig. 3(a) .
A finite waveguide segment is necessary to maintain vacuum integrity and structural alignment. Rectangular grooves can optionally be added on one or both sides of the waveguide (a) COMSOL |E|-fields for the setup shown in Fig. 3 (a). (b) COMSOL |E|-fields for the setup shown in Fig. 3(b) . The input power is 1-MW HE 11 mode in the input port.
segment to reduce the thermal load to the insulating ceramic ring. Impedance boundary conditions with copper chromium zirconium electrical conductivity are used to represent a metallic object and are used at all boundaries in the waveguide segment. In this setup, a listener port at the end of the waveguide segment is used to calculate the absorption of power by the insulating ceramic ring.
An example solution of the magnitude of the electric field |E| in the FEM model is shown in Fig. 4 for the cases shown in Fig. 3 . mode at the input can be observed by the linear polarization in the vector plot, and the dependence of |E| in the surface plot in the radial direction and not the azimuthal direction. Impact of the PML and wall geometry can also be observed by the strong decrease in the |E|-field at these regions compared to the input port.
This realistic wall geometry in Fig. 4 (b) is one of the advantages of using FEM simulations that is not possible in the FFT model. FEM simulations can also properly account for electromagnetic reflections. FEM simulations, however, are extremely computationally intensive, so only small parametric scans can be done. It is currently only possible to obtain FEM simulation results for corrugated waveguide gaps in a few cases. Smaller gap distances and lower frequencies are more numerically tractable. The FEM models for corrugated waveguide gaps at large gap distances and/or high frequencies and corrugated waveguide miter bends have not been obtained with current limitations in computational resources.
III. FFT AND FEM SIMULATION RESULTS FOR CORRUGATED WAVEGUIDE GAPS AND MITER BENDS
In principle, the comparison between theory and FFT and FEM simulations can be done for multiple-input and -output modes. For simplicity, in this paper, only a 100% HE 11 mode input is considered. Multiple-output modes are considered, so that the percentage of loss to higher order modes (HOMs), very high order modes (VHOMs), and the gap can be calculated. VHOMs have the significant ohmic loss and do not contribute to substantial mode conversion or mode purity. HOMs can contribute to mode conversion and mode purity. Reflectometry, ECE, and ECH applications are polarization sensitive, so mode purity is an important consideration. When d = λ/4, the simulations indicate that approximately half of the mode converted power goes to VHOMs, similar to [18] . When d differs substantially from λ/4, the simulations below show that the fraction of power to VHOMs increases substantially. Therefore, for large frequency bandwidth applications such as reflectometry and ECE, even when the total diffracted mode conversion is very high, most of this power is quickly lost to the walls and does not significantly affect the mode purity. To fully address mode purity will require a detailed analysis of a full transmission line and possible inputs with realistic mode mixtures. This is outside the scope of this paper and will require an analysis such as [24] .
Space harmonics are also not considered here. For large corrugation widths, periods, and depths, surface modes can exist within an individual corrugation, and the impedance approximation may not be a good assumption [27] . This assumption may lead to errors at high frequencies, especially for corrugation parameters where Bragg scattering occurs. For most parameters studied in this paper, the impedance approximation is sufficient.
Results in this section are shown for nominal ITER LFSR and ECH parameters. For ITER LFSR, the radius of the waveguide is 31.75 mm. The corrugation depth is 0.75 mm, corrugation period is 0.73 mm, and corrugation width is 0.5 mm. The operational frequency bandwidth is 33-165 GHz, but the results are shown from 30 to 210 GHz here for discussion purposes. For ITER ECH, the radius is 25 mm, corrugation depth is 0.46 mm, corrugation period is 0.65 mm, and corrugation width is 0.45 mm. The expected operational frequency is 104 and 170 GHz.
A. FFT and FEM Simulation Results for Corrugated Waveguide Gaps
The In actual experiments, the corrugation depth is fixed and cannot change for each frequency. When d = 0.75 mm (black dashed line, black triangles, and black circles in Fig. 5 ), the corrugation depth is optimized to λ = 3 mm or a frequency of 100 GHz. The simulated losses for both FFT and FEM models are much higher than theoretically expected, especially for unoptimized corrugation depths. There are some differences between the FFT and FEM simulations, possibly because the FFT simulation does not account for electromagnetic reflections, but it is small relative to the difference between the theory and two simulations. At 30 GHz, the losses are ∼6-9 times higher than expected theoretically for the FEM and FFT models and range from 0.007 to 0.1 dB. Near 100 GHz when the corrugation depth is close to optimized, the simulation agrees with theory. At high frequencies greater than 150 GHz and corrugation depth far away from λ/4, the simulated losses also deviate from theory. This is particularly noticeable when d ∼ λ/2.
A more detailed comparison is shown for the output of HOMs for the 40-GHz case shown in Fig. 6 . Fig. 6(a) shows the output transmitted power P 1n of various HOMs and the gap loss (1 − P 11 ) for theory, FFT model, and FEM simulation at 40 GHz and d = λ/4. For d = λ/4 case, there is a pretty good agreement between all the calculations for the HOM with differences between 5% and 35% for all the modes. The agreement between the theory and the simulation model is better for small n in P 1n , with the largest disagreement in P 17 . Fig. 6(b) shows the same calculations for the 40 GHz at d = 0.75-mm case. Similar to Fig. 5 , the discrepancy between theory and simulation grows much larger for d = 0.75 mm.
The theoretical values are the same as Fig. 6(a) because the theory does not depend on corrugation depth. The difference between theory and simulations for the HOM appears to be a factor of 5-10. There are differences of approximately 50% between the FEM and FFT models, but this is much closer than the differences between theory and the two simulation models. At the same time not shown, the similar behavior is observed not only at 40 GHz but also at all the other simulated frequencies.
The two cases are at two different corrugation depths at 40-GHz propagation in ITER LFSR corrugated waveguides: 1) d = λ/4 = 1.87 mm at 40 GHz and 2) d = 0.75 mm. The differences between theory and simulation are small for For a 200-mm gap, when a λ and d = λ/4, the theory (red line in Fig. 7 ) and FFT simulation (red diamonds) do not agree as well. This is because φ approach unity at these large gap distances so the assumption that φ 1 is invalid. For the gap length = 5-mm case, φ 1, so [sin(φ)+cos(φ)] ∼ 1 and this effect is barely noticeable. The losses are as much higher than the 5-mm case, with losses ranging from ∼3 to 0.2 dB for 33-170 GHz. Unlike the 5-mm gap case where there is a factor of 6-9 difference between d = λ/4 and d = 0.75-mm cases at low frequencies, the simulated losses (black triangles in Fig. 7 ) are lower than theoretically expected (black dashed line in Fig. 7) for the 200-mm gap cases at low frequencies. Similar to the 5-mm gap case, when d ∼ λ/2, the difference between theory and simulation is large.
B. FFT Simulation Results for Corrugated Waveguide Miter Bends
In Fig. 8 , FFT simulation results are shown for an ITER LFSR miter bend. To highlight the dependence of miter bend loss on corrugation depth, a corrugation depth of 1 mm is also shown in green circles. When a λ and d = λ/4, the theory (red line in Fig. 8 ) and FFT simulation (red diamonds) agree reasonably well. The FFT simulation is approximately 10% higher than theory for all frequencies. Losses range from ∼0.2 to 0.008 dB from 30-210 GHz. When d = 0.75 or 1 mm, the simulated losses (black triangles and blue squares in Fig. 8 ) can differ substantially from theory (black dashed line in Fig. 8 ). This is noticeable at low frequencies where theory and simulation can differ by a factor of 2-3 between 30 and 50 GHz. Differences in corrugation depth, such as between 0.75 and 1 mm, can make substantial impacts to the miter bend losses for a range of frequencies. Losses approach 0.5 dB at 30 GHz. At frequencies where d ∼ λ/2 for both d = 0.75-and 1-mm cases, the difference between theory and simulation can also be large.
The diffraction losses (%) for an ITER ECH miter bend at 104 and 170 GHz are shown in Table I. Similar to Table I , the simulated FFT gap losses agree pretty well and are ∼5% higher than theory. The corrugation depth is optimized near 170 GHz. For 170 GHz, therefore, there is a little difference between the simulations with d = λ/4 and realistic corrugation depth. At 104 GHz, the losses are only a few percent higher for the realistic corrugation depth case.
For the ITER LFSR and ECH miter bends, φ ∼ 0 -0.25 for the range of frequencies listed. It is interesting to point out that [sin(φ) + cos(φ)] can be a significant contributor given that it is not commonly included in [10] and [4] . 
C. Understanding the Difference Between Theory and Simulation
The FFT and FEM simulations in this section demonstrate that theory and simulations agree reasonably well when a λ and d = λ/4. When the assumption on the corrugation depth is no longer valid, simulations of miter bend and gap losses can be much greater than theory. To understand this, it is worthwhile to understand the assumptions of theory and the simulations for miter bends and gaps.
To derive (2) and (3), Doane and Moeller [21] assume that a λ, ka x n , and d = λ/4. It is therefore not surprising that the simulation agrees with theory in that case. It appears that when the assumptions to (2) and (3) are no longer valid, simulations can disagree significantly with theory. To quantitatively estimate these numbers for ITER LFSR test stand parameters, a/λ ∼ 3.7 to 20, so a λ may be a decent approximation. Small differences between theory and simulation for d = λ/4 at lower frequencies may partially be due to this approximation. ka x 1 is a good assumption as ka ∼ 20125 and x 1 = 2.405 for the HE 11 mode. For large n, ka x n may not be a good assumption and may partially explain why theory and simulation do not agree well for P 17 in Fig. 6 . The approximation of corrugation depth is not valid; however, as corrugation depth can be only optimized for one frequency (∼110 GHz in the present design) and differs substantially from λ/4 at 33 GHz. This invalidity of this approximation likely accounts for most of the difference between theory and simulation at realistic corrugation depths. A similar behavior is expected to occur on the ITER plasma position reflectometer [19] .
There is a strong correlation between the calculated miter bend diffraction losses and the input HE 11 mode patterns. These are shown for several different frequencies using the ITER LFSR waveguide corrugation parameters in Fig. 9 . At 30 GHz, where d = λ/4, the HE 11 mode has significant nonideal features throughout the circular cross section that is particularly noticeable at the top and bottom of the waveguide. At 205 GHz, where d ∼ λ/2 is a known high loss region [10] , HE 11 again has significant nonideal features throughout the circular cross section. At 50 and 80 GHz, minor non-Gaussian features can be observed at the top and bottom of the waveguide. At 110 and 170 GHz, the electric field looks closer to an ideal LP 01 mode or ideal HE 11 mode. At the same time not shown, similar trends are obtained for all other corrugated waveguide parameters studied here, such as ITER ECH, DIII-D ECE, and JET reflectometry. This is because oversized circular corrugated waveguide miter bends, gaps are quasi-optical systems that are designed to operate for Gaussian-like HE 11 mode [28] . When the HE 11 mode is not close to a Gaussian mode, the diffraction losses are much higher than in an ideal Gaussian mode. The miter bend losses at different frequencies are therefore strongly dependent on the input HE 11 mode field pattern. In Section IV, it will be shown that experimental measurements of preexisting transmission line losses in circular corrugated waveguides can at least be partially explained by much larger than expected miter bend losses relative to theoretical estimates. This increases the confidence of these simulation results and allows for better diffraction loss calculations in the future circular corrugated waveguide transmission line systems.
IV. COMPARISON WITH PREVIOUS EXPERIMENTAL RESULTS
To further test the simulations, miter bend simulations will be shown for three recent corrugated waveguide transmission lines: JET reflectometry [29] , DIII-D ECE [30] , and the ITER LFSR test stand [31] . For the JET reflectometry and DIII-D ECE transmission line, the existing experimental data contain other components beside straight corrugated waveguides, miter bends, and gaps, so it is difficult to make quantitative comparisons of the simulation to experimental data. The JET reflectometry transmission line also includes vacuum windows and mirrors, which are outside the scope of this paper. Correlations with the simulations are therefore made with details of transmission line measurements in [29] and [30] . For the ITER LFSR test stand measurements that only include straight waveguides and miter bends, quantitative comparisons are made between the simulation and experiment. All these comparisons are made at the low-frequency end of the bandwidth where miter bend and ohmic losses are expected to be dominant. The current model does not include space harmonics for Bragg reflections [27] , water vapor absorption [30] , or curvature [24] , and tilts [32] , and cannot accurately model the higher frequency measurements where these factors are important and may be much more significant than miter bend and ohmic losses.
A. Comparison of JET Reflectometry Results
For the JET reflectometry corrugated waveguides, the waveguide frequency bandwidth is ∼44-150 GHz diameter is 31.5 mm, corrugation depth is 0.635 mm, corrugation width is 0.5 mm, and corrugation period is 0.75 mm. In Fig. 10 , theory and FFT simulation results are shown for a JET 90°miter bend. The FFT simulations are significantly higher than theory, especially at low frequencies. At 40-50 GHz, the diffraction loss in each miter bend is ∼1-0.5 dB. This is a large loss and may account for the undetectable signals below 44 GHz and low signals observed between 44 and 50 GHz in the JET reflectometry transmission line [29] . While Sirinelli et al. [29] suggest that the loss at low frequencies is due to the size of vacuum windows and mirrors, the reflectometry transmission line has 9 miter bends, so the simulated two-way loss for 18 miter bends between 40 and 50 GHz is ∼18-9 dB and may be a significant contribution to the low signal levels below 50 GHz in the JET reflectometry system.
B. Comparison of DIII-D ECE Results
The DIII-D ECE corrugated waveguide has a diameter of 63.5 mm, a corrugation period of 0.38 mm, a corrugation depth of 0.25 mm, and a corrugation width of 0.25 mm. The simulated miter bend diffraction loss for the DIII-D ECE system between 50 and 300 GHz is shown in Fig. 11 . Simulated losses are much higher than theory and range from ∼0.4 to 0.02 dB per miter bend at 50-100 GHz. At higher frequencies, the expected losses from miter bend and ohmic loss are small, but there is likely considerable mode conversion from water vapor and curvature losses, which increase significantly with frequency [10] . This analysis does not capture this detail. Experimental measurements in [30] do indicate reasonable agreement between experiment and theory between 100 and 300 GHz, but a steep, decrease in signal from 50 to 100 GHz. This may again possibly be explained by nonideal Gaussian features of the HE 11 mode.
C. Comparison of ITER LFSR Test Stand
The setup and measurements of the ITER LFSR test stand are discussed in detail in [31] . A brief comparison of the experimental measurements and simulations have already been discussed in [24] and [31] . This section summarizes these results and expands on the simulation details.
A test stand of approximately 40 m of corrugated waveguide and 10 miter bends, shown in Fig. 12 , was fabricated to determine the operational frequency limits of the ITER LFSR project. Both fixed frequency sources at 35, 44.5, and 50 GHz, and frequency-modulated swept sources from 33 to 50 GHz were used. Multiple measurement methods were employed to detect the power lost in the transmission line. The first method is to measure the one-way transmission line loss at two different locations. The first location is after 9 m of straight corrugated waveguide. The second location is after the full 40 m and 10 miter bends. The difference between the power measured at the two measurement locations provides the transmission line loss for ∼31 m of straight corrugated waveguide and ten 90°miter bends. The second and third methods both measure two-way transmission line losses at these two locations. A specially constructed cylindrical structure with a flat metallic surface is used to purposely create reflections along the transmission line. These two methods then measure the two-way transmission line loss of ∼ 62 m and 20 90°miter bends. The second and third methods differ in that one method uses a power meter to detect the reflected signal while the other method uses a frequency mixer. The measured data for all three methods agree well with each other [31] . The calculations shown here are a sum of miter bend diffraction losses and ohmic losses. The ohmic attenuation loss for HE 11 in a circular corrugated waveguide is [26] HE 11 ohmic loss
where R a is an anomalous resistivity factor, R s is the surface resistivity for aluminum 6061-T6, Z 0 is the free-space impedance, R m is the normalized propagation constant, d m is the ratio of TE to TM components, and X m is the Bessel function root that is all defined in [22] . R a = 1 if there is no anomalous resistivity. The derivation of this formula is a generalization of the procedure described in [26] . In [26] , it is shown that this formula could be an improvement over the impedance approximation [22] method for d = λ/4. For the ITER LFSR corrugated waveguide parameters, the ohmic attenuation loss for R a = 1 in dB/100 m is shown in Fig. 13 . At low and high frequencies, the ohmic attenuation loss increases. For two-way transmission line of 62 m, the loss ranges from ∼0.8 to 0.15 dB at 33-50 GHz. Miter bend diffraction losses for one miter bend of the ITER LFSR corrugated waveguides are already shown in the FFT simulation in Fig. 8 . The calculated miter bend loss for 20 miter bends ranges from ∼6.7 to 2 dB at 33-50 GHz and are much larger than the ohmic loss. Although the ohmic attenuation losses are significant, miter bends diffraction losses are expected to be the main loss mechanism at 33-50 GHz.
A comparison of the experimental data and different combinations of ohmic loss and miter bend models for the ITER LFSR test stand is shown in Fig. 14 . The experimental data for all three methods are shown in the black triangles for two-way transmission line losses of 62 m and 20 miter bends. The one-way transmission line loss for the first measurement method is doubled for this data set to obtain the losses in the two-way transmission line. The first simulation, which is purely analytical and is the sum of (2) and (4) with R a = 1, is shown by the red dashed-dotted line for 62 m of straight corrugated waveguide and 10 miter bends. The second simulation, which is the sum of (2) and (4) with R a = 2, is shown by the blue short-dashed line. Both these simulations substantially underpredict the measured transmission line losses at low frequencies <40 GHz. A third simulation with the sum of (2) and R a = 5 in (4) is shown in the green long-dashed line. This reasonably matches the experimental data. A possibly more convincing simulation will be to use the sum of (4) with R a = 1 and the miter bend FFT model in Fig. 8 . This is shown in the black solid line. This calculation is a better match to the data over the entire measured frequency range.
In comparing these simulations to experimental data, it is difficult to distinguish the effects of anomalously high resistivity versus the effects of miter bend diffraction losses at d = λ/4. Both these effects have been suggested in [15] and [19] , and the ITER LFSR test stand did not make measurements at different waveguide lengths and miter bends to disentangle this effect. It is noted here that many previous measurements of corrugated waveguide losses, such as [15] , occur at relatively higher powers and higher frequencies where thermal distortions, manufactured waveguide curvature, and tilt losses are substantially more important. These are often not measured and considered as anomalous losses. It is, therefore, possible that the anomalous resistivity losses are not as high in low-frequency, low-power measurements.
This miter bend FFT simulation does on average seems to be slightly higher than the data, but the use of the miter bend FFT model relative to the miter bend theory gives much better agreement with experiment for R a = 1. While an FEM model of this case cannot currently be done with existing computational resources, it can be speculated that a sum of miter bend FEM model + (4) may give even better agreement with the experimental data based on the simulation results of the FEM model been slightly lower than the FFT model for corrugated waveguide gaps in Fig. 5 . It is also possible that R a > 1 with the FEM model will give better agreement with the data.
Future measurements of ohmic losses through a long, straight waveguide will be useful to understand the importance of anomalous resistivity losses at these frequencies. It will also be worthwhile to include more physics to better compare with experimental data, such as JET reflectometry or DIII-D ECE. If the input HE 11 mode field pattern differs from an ideal HE 11 mode, then diffraction losses through windows and mirror may also substantially differ from the expected theory, which is often based on the ideal HE 11 mode. This is suspected to be a cause on the JET reflectometry transmission line. The calculations for vacuum and windows may be worthwhile to study. For further comparison to DIII-D ECE data at high frequencies where Bragg reflections occur, the input HE 11 mode may also differ from an ideal Gaussian beam, causing large miter bend diffraction losses. Disentangling the losses between possibly high anomalous resistivity and miter bend losses would be useful by measuring the ohmic losses through a long, straight waveguide.
V. REDUCING GAP LOSSES FOR 104-AND
170-GHz ECH DC BREAKS Sections III and IV detail extensive calculations and comparison to experiments on the larger than expected theoretical miter bend and gap losses for broadband frequency corrugated waveguides. Mitigation of these losses could be desired, especially for high-powered transmission lines. Reduction of losses will also lead to reduced heat loads on gap and miter bend components. Possible techniques discussed in the literature include increasing the waveguide diameter [21] and phased mode mixtures for miter bends [33] , [34] , reducing mirror ohmic losses ( [35] , and corrugated filters [36] . These techniques are generally used for single-frequency ECH systems, as the conceptual designs are often optimized for a single frequency.
For broadband frequency applications such as ECE or reflectometry, it is difficult to envision many of these single frequency techniques working. These applications are low power and can usually accept a reasonable amount of signal and mode purity loss if the frequency is not too low (JET reflectometer below 44 GHz and ITER LFSR reflectometer below ∼25-30 GHz). If a moderate frequency bandwidth is required, the miter bend losses do depend on the corrugation depth, as observed in Fig. 8 . The corrugation depth should, therefore, be optimized accordingly. If an extremely large frequency bandwidth is required, the use of fewer miter bends and other quasi-optical components may be the best option.
For multiple-discrete frequency applications in highpowered transmission lines, it may be possible to use techniques more often associated with single frequencies. A multifrequency Bragg filter has been recently developed to protect diagnostics from ECH stray radiation ( [37] . A similar technique may perhaps be used to improve the transmission line performance.
One such example is shown for an ITER dc break ECH component. For high-power, steady-state operation, heating to the ceramics could be a thermal issue. The gap distance of the ITER ECH dc break component is nominally 0.5 mm as a tradeoff between breakdown voltage and diffraction gap loss considerations. As the gap distance decreases, voltage across the gap increases and the breakdown voltage probability increases. On the other hand, as the gap distance increases, the diffraction gap losses from (2) increases. The estimated loss of the gap to HOMs and VHOMs from (2) for 1-MW input power into an ITER ECH corrugated waveguide at 104 and 170 GHz is ∼ 15 and 7 W, respectively. Equation (2) includes losses both to the waveguide segment and to HOM in the waveguide, and only some of this power goes into the ceramic insulator. The FEM simulation can calculate the power outflowing to the PML at the end of the waveguide segment. This is ∼9 and 5 W, respectively. Preliminary steady-state calculations assuming 10-W incident to the ceramic ring indicate that the temperature of the ring can be up to 160°C and close to the desired maximum temperature of 200°C [38] . Reducing the power into the ceramic is therefore desirable. Section V-D details the FEM analysis of a quarter-wave stub and Bragg reflector to try to reduce the power incident on the ceramic at 104 and 170 GHz. Log plot of the power absorption to the ring is shown for two different frequencies (circles and triangles) and three different groove parameters (black, red, and blue). Standard waveguide gaps with no grooves on the waveguide segment are shown in the black circles and triangles for 170 and 104 GHz. Quarter-wave stub-like grooves on one end of the waveguide segment are shown in the red circles and triangles for 170 and 104 GHz. Bragg-like grooves on both ends of the waveguide segment are shown in the blue circles and triangles for 170 and 104 GHz.
A. FEM Analysis of DC Break Components
slice is shown in Fig. 15 (a) in a log color plot to emphasize the electric fields in the waveguide segments. |E| peaks in the gap and is small in the waveguide segment and PML regions. Radial modes can exist within the waveguide segment, so significant heat can propagate to the ceramic ring located far away from the waveguide axis. Locating the ceramic ring far away from the waveguide axis is marginally beneficial, as some of the power can be absorbed in ohmic losses in the copper chromium zirconium waveguide segment. |E| is correlated with expected electromagnetic power at the ceramic ring. Higher |E|, such as in Fig. 15(a) and (b) relative to Fig. 15(c) at the ceramic, implies a higher electromagnetic power at the ceramic.
The power incident to the ceramic ring as a function of gap distance for the 104-and 170-GHz cases is shown in the black triangles and circles in Fig. 16 for the case of a waveguide segment without grooves. For high-power, long-pulse operation, this heat load of a few watts to the ceramic may result in higher than desired ceramic temperatures. To reduce the heating to the ceramic, two concepts are explored. The first concept explored is adding rectangular grooves to one side of the waveguide segment, such as quarter-wave stub impedance matching technique [39] . The depth and period of the quarter-wave stub need to be λ/4, so this concept is expected to work for a single frequency. For the quarter-wave stub-like grooves shown in Fig. 15 , the groove corrugation parameters chosen here are optimized for the 170-GHz case and have a period of 0.43 mm, depth of 0.43 mm, and width of 0.25 mm. This concept would theoretically reflect all the power originally lost to the waveguide segment back into the gap, leading to negligible heating at the ceramic.
The log |E| for one such case is shown in Fig. 15(b) . There is still substantial |E| in the waveguide segment, indicating that the quarter-wave stub is surprisingly having only a small effect at reducing the heat load to the ceramic ring. As shown in Fig. 16 , the FEM analysis shows that a quarter-wave stub with grooves on only one side (red circles) gives negligible heat load for small gap distances at 170-GHz operation. For gap distances, L < λ/4, the heat load to the ceramic is close to zero and less than 10 −10 W. As the gap distance increases, particularly at a sharp transition at L ∼ λ/4, the heat load to the ring can be on the order of a few watts and significant, comparable to the heat load calculated by the FEM model without grooves. The quantitative heat load calculation depends on the length of the waveguide segment, width of the rectangular grooves, and frequency launched at the input port, but the FEM clearly indicates that for all simulated cases, a similar trend of a steep transition at L > λ/4 is observed where nonnegligible electromagnetic power is transferred to the ceramic ring. For >λ/4, the power transferred to the ring in these quarter-wave stub cases are always similar to power transferred to the ring without grooves. One possible reason for this discrepancy between the conceptual expectation and the FEM model results is that when the gap dimension becomes too large, multiple modes may propagate. The wavenumber of each mode may be different and a singlefrequency quarter-wave stub solution corrugation depth and period close to λ/4 may no longer work.
Given that the expected L = 0.5 mm > λ/4 ∼ 0.43 mm in the 170 GHz, the quarter-wave stub solution for the dc break will still lead to significant heat load to the ceramic ring. It is also unclear how this concept will work for multiplefrequency corrugated waveguide operation, as the groove depth and period can only be optimized for a single frequency. This is confirmed in the FEM by the red triangles in Fig. 16 . Using the same quarter-wave stub-like grooves optimized to 170 GHz results in significant heat loads on the order of watts at all gap distances for the 104-GHz case. This heat load is comparable to the heat load without grooves for the 104-GHz case for all gap distances. A second concept, adding rectangular grooves to both sides of the waveguide segment as is commonly done in Bragg reflectors, is therefore explored. This concept would also theoretically reflect all the power originally lost to the waveguide segment back into the main waveguide, leading to negligible heating at the ceramic. The corrugation parameters of the rectangular grooves in this case need to fulfil the Bragg reflection condition ( p > λ/2). This usually creates multiple-frequency notches ([37] where a Bragg reflector may reflect substantial power and may, therefore, be used to reflect losses at HOMs or multiple frequencies such as 104-and 170-GHz ITER ECH. Typical applications of Bragg reflectors in circular corrugated waveguides ( [37] , [40] , however, have dimensions much larger than the wavelength; for a dc break, the gap distance is smaller than a wavelength. FEM is used to fully understand if Bragg reflectors can be used for this case.
The log |E|-field for one case is shown in Fig. 15(c) . |E| in the waveguide segment quickly decreases and becomes very small at the ceramic ring. The quantitative calculation for 104-and 170-GHz operation is shown in the blue circles and blue triangles in Fig. 16 , respectively. The heat load to the ceramic ring is negligible (<10 −3 W) for gap distances between 0.2 and 0.8 mm for both 104 and 170 GHz, indicating that this Bragg reflector can provide a multifrequency solution to reduce the heat load to the ceramic ring. It is worth noting that this negligible heat load to the ceramic ring is only possible for specific choices of groove corrugation parameters and these parameters changed depending on the gap distance and launched frequency. The groove corrugation parameters chosen here have a period of 1.55 mm, a depth of 0.5 mm, and a width of 0.8 mm. These parameters have been chosen after optimization over FEM parametric scans over different groove dimensions at 104 and 170 GHz. The parametric scans also indicate that this choice of groove corrugation parameters maintains low heat load to the ceramic ring for small variations with groove width, depth, period, radial distance of first groove from the gap, and radial offsets between grooves within expected machining tolerances. Unlike typical Bragg reflectors, the grooves here generally must be machined independently on both sides of the waveguide gap, so there is a possibility for radial offsets between grooves on each side of the gap.
VI. CONCLUSION
Theory, FFT simulations, and FEM simulations have been shown for existing and possible future corrugated waveguide gap components and miter bends. The simulation results clearly indicate that when d = λ/4, the theory can be significantly different than FFT simulations and FEM simulations. The use of the miter bend FFT simulations to calculate transmission line losses has been used to explain experimental measurements of transmission line losses. This is because when d is significantly different from λ/4, a nonideal HE 11 mode occurs that couple as well to a Gaussian beam, and results in larger than theoretically expected miter bend and gap diffraction losses.
The development and validation of the FFT and FEM simulation tool allows for better loss estimates in the future corrugated waveguides and possibilities to improve the design of corrugated transmission line systems. One such example is shown for a gap component (ITER ECH dc break) where the FEM simulation is successfully applied to design a Bragg reflector and reduce the leakage power from the gap that reaches the ceramic isolation ring for multiple frequencies.
